Electron Spin Resonance (ESR) is an useful tool in elucidating chemical structure of paramagnetic species in solution, such as metal-organic complexes, provided they are enough stable. Having in mind the biological significance th at iron-nitrosyl com pounds seem to have both in enzymatic reactions1 and in some carcinogenetic processes2*3, we report in this paper a study on nitrogen organic bases as ligands in the F e -NO complexes in aqueous and alcoholic solutions. The iron atom in these com plexes is in the formal oxidation state -f l 4-5. As the iron1 source is a Fe++ salt, formal reduction Fe(II) ^F e ( I ) must be assumed, either by dism utation of Fe (II) or by oxidation of one molecule of nitric oxide. where L stands for a ligand which in B and D types acts as bidentate. Each of the above species can be characterized by its ESR parameters, namely the g -iactors, the R equests for rep rin ts should be sent to Dr. G. M a r t i n i , In stitu to di Chimica Fisica dell' U niversity di Firenze, Via Gino Capponi 9, 1-50121 F irenze, Italia. nuclear hyperfine coupling constants and the rela tive intensities of the hyperfine lines. A low-spin d7 configuration for the iron ion must be accepted as these complexes give rise to detectable ESR spectra6. Some uncertainty exists on the spatial structure of C-and D-type complexes as they were assumed alternatively5 -7 to be tetrahedral or octahedral; considerations about the crystal field strength which should not be sufficient for spin pairing in a te tra hedral arrangement, lead to prefer the second possibility. For type A, an octahedral environment about the iron ion was suggested by theoretical study on the involved bonds8. A square pyramidal structure occurs for B type compounds5.
The complexes of types C and D show the most interesting features from ESR point of view as the hyperfine lines are narrow enough to give rise to ESR patterns in which several coupling constants are identifiable. This paper deals mostly with dinitrosyl complexes of the last two types. E xperim ental W ater and methanol solutions of [Fe(NO)2 (solv.)2]+ were prepared by previously reported methods4-6. The pH was adjusted by adding small quantities of NaOH or HCIO4 . Appropriate amounts of the ligands were added to the iron-nitrosyl solu tions. The organic compounds used as ligands were obtained from Fluka, Carlo Erba and Merck. 15NO was directly obtained in solution from Na15NC>2 (Tracerlab, W altham, Mass.) in the presence of a reducing agent such as L-ascorbic acid. All chemicals were reagent grade and used without further puri fication.
E SR spectra were registered with a Varian V-4502 X-band spectrometer equipped with a dual sample cavity, modulated at 100 kc/sec and 40 c/sec respectively. Disulphonate ion (F r e m y salt, g = 2.0055, ^4n = 13.0 G) was used as external reference standard for the calibration of the ESR parameters. The microwave frequency was measured by a Hew lett-Packard model X 5 32 B frequencymeter. The tem peratures were varied with a Varian E-4557 variable tem perature accessory, with the aid of a copper-constantan thermocouple inserted in the heating nitrogen stream. Due to the high dielectric constant of water, special flat quartz cells or capillary tubes were used as sample containers.
All the complicated spectra have been interpreted with the aid of computer simulated spectra.
R esults and D iscussion
Three main groups of organic nitrogenous com pounds have been used as complexing agents for the Fe(NO)J unit: a) Urea and derivatives, b) nitrogenous heterocycles and phenylamino-derivatives, c) hydrazides and substituted hydrazides.
In all these compounds the -NH (or -N H 2 ) group occurs and in many cases -C = 0 and/or -C = S , with possible keto-enol tautomerism, are also present. From the ESR spectra and mainly from their hyperfine patterns, it is possible to suggest a spatial configuration for the complexes and to draw qualitative considerations on the ligand power of the different groups involved in the bond with the central metal ion.
U rea and derivatives
By using urea, H 2 N -CO-N H 2 , as a ligand, either in ethanol or in water solution at almost acid pH, an E SR signal with five lines of hyperfine structure (relative intensities: 1 :2 :3:2:1, g = 2.034, ^4n = 2.2 G, with the interaction with two 15N nuclei. The urea molecules, possibly two, are therefore bonded to the Fe(NO)J group by the carbonyl group. This inter pretation is not unambigous; however, ligands bonded via nitrogen nuclei show, as it will be seen in the following sections, 14N hyperfine coupling costants of the same order (or greater) than the NO coupling. Urea behaves as a m onodentate ligand and no -NH 2 are involved in the coordination, thus excluding the formation of a four-membered ring, which was shown to be highly unstable5-7.
The same behaviour was shown by iV-methylsubstituted ureas. W ith thiourea, H 2 N -CS-N H 2, 
SH
cannot be excluded and the anionic form of thio urea would be invoked in the complex formation. Thioacetamide and alloxane lead to the same fiveline spectrum (three-line using 15N instead of 1 4 N). This fact confirms the higher ligand capacity of -C = S and -C = 0 in respect to -N H 2 when formation of five-membered chelate ring is pre vented.
Phenylam ino derivatives and heterocycles
If arylamino derivatives are employed as ligands, results in agreement with the above ones are obtain ed. W ith -SH and -N H 2 contemporaneously present in the molecule (as in o-aminothiophenol), the -SH group (probably in the anionic form) is bonded to the iron atom, and a quintet 1 :2 :3 :2 : 1 (g = 2.03, a s = 2.8 G) appears (Fig. 2) . Substitution of -SH with -OH (o-aminophenol) again leads to a preferential coordination via -OH. Both these ligands could have the possibility of a formation of a five membered chelate ring, but the failure of hyperfine structure, beside that due to the NO, strongly suggests the hypothesis of C-type complexes:
A five-membered chelate ring should be preferred with o-phenylendiamine for the comparable ligand strength of the two nitrogen atoms of the amino groups. The thirteen-line ESR spectrum (Fig. 3 ) of this complex is erusistent with four N nuclei and the
Fig. 3. E SR Spectrum of Fe (NO)t (o-phenylenediamine).
following structure is in agreement with the observed spectrum: ,NHj NO Fb NO However, on the basis of the ESR parameters, we cannot exclude th at o-phenylendiamine acts as a m onodentate ligand, with two molecules involved in the complex. W ith imidazole at basic pH, the nine lines (Fig. 4 ) are interpreted assuming interaction with four equi- with the imidazole nuclei probably coordinated in anionic form. 6 -Mercaptobenzothiazole, as a sul phurated derivative shows the usual five-line spec trum.
H ydrazides and substituted hydrazides
A strict difference in the complexation of the Fe(NO) group was shown by hydrazides with -C = S and -C = 0 groups. W ith sulphurated ligands 13-type complexes were generally preferred with appearance of a three line ESR spectrum with large 14N hyperfine coupling constants. Oxo-derivatives lead to a predominant coordination of the D-type. Penta-co-ordination around the iron ion with only one NO group was also previously reported5 with sulphur compounds such as cysteine, gluthathione, dithioxamide, dithiolene etc. Very often a dynamical equilibrium between B-and D-type complexes is established and in m any cases after the appearance of the three-line spectrum attributable to a B-type compound, a multi-line spectrum compatible with C-or D-type structures occurs.
Carbohydrazide, H 2N -NH -CO -NH -NH2, gives rise to a nine-line spectrum at pH < 6 (Fig. 5) and to thirteen lines at pH > 7 (Fig. 6 ) . These results
Fig. 5. E S R Spectrum of
Fe (NO) 2 (carbohydrazide) at pH < 6 . can be interpreted on the basis of two different chelating possibilities of the molecule. We suggest th at at slightly acid pH, -N H 2 and -C = 0 are involved in the coordination at the same time:
A five-membered ring will thus result. At basic pH, coordination via -NH and -N H 2 seems to be preferred:
These two proposed structures account very well for the observed ESR signals. A structure of type a can be again suggested for the complex between irondinitrosyl and diphenylcarbazide. The eleven-line spectrum (relative intensities: 1 :2 :3 :3 :3 :3 :3 :3 :3 : 2:1) is shown in Fig. 7 . The h p f coupling con- stant is about three time A no-The clear similarity with the behaviour of a-aminoacids10 indicates th a t -NH and -C = 0 are bonded to the central atom. Square pyramidal complexes were preferentially formed with thiohydrazides such as diphenylthiosemicarbazide, diphenylthiocarbazide, diphenylthiocarbazone, which show three-line spectra with ^-factors ranging between 2.02 and 2.04 and large (1 1 -1 2 G). W ith 4-phenylthiosemicarbazide, dynamic equi librium between B-and D-type is particularly evident. A few minutes after the formation of Fe(NO)2 L, a septet at g = 2.036, A no = -4nh = 3.5 G appears (Fig. 8 a and 8 b) . This equilibrium can be interpreted on the basis of the following scheme: A similar structure holds for the thiosemicarbazide complex, as a seven line spectrum (relative inten sities: 1 :3 :6 :7 :6 :3:1) was again obtained (Fig. 9) . The almost equal value of A n h and A no in the sulphu rated compounds in comparison with the two-or three times higher A n h with respect to A no for the hydrazide complexes, could be attributed to a stronger bond with -C = S and to a higher spin density on the sulphur atom in comparison with the spin density on the oxygen atom of -C = 0 . 
